We developed a gene transfer tool for the control of nocturnal elevated intraocular pressure (IOP).
IOP nocturnal increase is confounded by postural changes, with supine positions manifesting significantly higher IOPs than those in the sitting position. 3, [9] [10] [11] During normal life situations (upright position during the day and supine at night), the delta nocturnal IOP in healthy individuals is higher than that in age-matched untreated patients with glaucoma. 3 However, the absolute IOP at night is higher in individuals with glaucoma. 3, 12 The only available glaucoma drugs to date are aimed at reducing elevated IOP 13, 14 and have different effects on diurnal and nocturnal IOP. Therefore, brimonidine tartrate and timolol maleate do not significantly lower night IOP, 15, 16 while latanoprost has a similar effect during diurnal and nocturnal periods. 16, 17 Controlling nocturnal IOP is central to the management of glaucoma, and the availability of a night IOP drug is highly desirable. Circadian IOP fluctuation follows the same pattern in animals, in which neither postural nor diurnal and nocturnal behavior comes into play. 5, 18 In conscious rats and rabbits, a true circadian rhythm has been thoroughly characterized. 5, 6 The circadian cycle is stimulated by light, can be reset by changing light patterns, and is influenced by anesthetic agents. 5, 18 A circadian high-IOP model in animals offers the unique possibility of assessing glaucoma drugs under natural conditions without the interfering effects brought by invasive or genetic models.
RhoA is a member of a small GTPase family of proteins that bind and hydrolyze guanosine triphosphate (GTP). RhoA cycles between an active (GTP bound) form and an inactive (guanine diphosphate bound) form, and the cycling between the 2 conformations activates Rho kinase (ROCK). Activation of RhoA regulates several cytoskeletal-dependent cell functions, promotes actomyosin contractility, and induces the formation of stress fibers. 19 An inhibitor of ROCK, Y-27632, has been shown to be a potent smooth muscle relaxant and to correct hypertension in rats. 20 Subsequently, Y-27632 was demonstrated to reduce IOP in rabbits, 21 inhibit contraction of the TM, 22 increase outflow facility in rabbits and perfused porcine anterior segments, 2 3 , 2 4 and increase Schlemm Canal cellular permeability. 25 Currently, great interest exists in the use of ROCK inhibitors as IOP-lowering agents, and some have already been tested in clinical trials. 26, 27 Inhibiting the RhoA pathway upstream of the ROCK enzyme and inactivating RhoA by adenoviral gene transfer of the dominant-negative molecule 28 or the C3 transferase 29 proved also to increase outflow facility in perfused human and monkey organ cultures, respectively. To obtain extended IOP reduction in living animals, we designed a gene therapy vector carrying a GTP-binding site mutated RhoA gene (scAAV2.dnRhoA) and tested its efficacy on the nocturnal elevated IOP model in rats. We report herein that a single dose of the gene drug prevented IOP elevation for at least 1 month and propose that this approach might be useful for therapeutic control of nocturnal IOP.
Methods
All animal procedures were approved by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee and conducted in accord with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Visual Research. Processes are described in detail in the eMethods in the Supplement.
Recombinant Viruses
The virus generated for this study was scAAV2.dnRhoA. This self-complementary adeno-associated virus is the second generation of AAV2, the highly successful virus for gene transfer and gene therapy of the eye.
30,31
Culture of Outflow Pathway Cells, Viral Infection, and Actin Evaluation
Primary human TM cells were generated from residual corneal rims after corneal transplants at the University of North Carolina eye clinic. 32 33 For darkcycle measurements, IOPs were obtained 2 to 4 hours after cycle onset using a 2-lux light source at a distance from the operator of approximately 0.4 m (17 in). Intracameral injections of 4 to 5 μL of the desired virus's concentration were administered manually on deeply anesthetized animals using a 30-G needle on a micrometer syringe (Gilmont; Thermo Fisher Scientific Inc). Topical antibiotic ointment was applied after injection.
Histology and Fluorescence Histochemistry
Eyes were enucleated immediately after euthanasia (at 4-8 weeks following injection) and immersed in fresh paraformaldehyde, 4%, for 30 minutes. Eyes were subsequently dissected at the equator, their lens was removed, and wedgeshaped specimens containing the anterior chamber angle region Immediately after enucleation, rat eyes were immersed in a stabilizing solution (RNAlater; Life Technologies) for 1 to 2 hours, followed by dissection. Tissue strips containing the TM were homogenized for RNA extraction (RNeasy plus kit; Qiagen). Recoveries were 0.5 to 3 μg of RNA per extraction. Complementary DNA (cDNA) was synthesized in 25 μL with a highcapacity cDNA reverse transcription kit containing MultiScribe MuLV reverse transcriptase (Applied Biosystems) and using 0.5 μg of RNA.
TaqMan probe and primer sets (Applied Biosystems) used were Hs00357608_m1 (RhoA exons 4 and 5) and Hs99999901_s1 (18S control). Reactions were performed in triplicate and run and analyzed on a real-time polymerase chain reaction system (7500; Applied Biosystems) with a software program (SDS, version 2.0.4; Applied Biosystems). Relative quantification values between treated and control samples were expressed in Fold-Change.
Statistical Analysis
The significance of experimental changes was analyzed using t test as paired or unpaired data. Confidence intervals of the means were calculated for a confidence level of 95%.
Results

Design of a Long-term, Low-Immune Response Gene Transfer Vector to Inhibit the RhoA Pathway
To inhibit the RhoA pathway in the TM for longer periods than conventional ROCK inhibitors, we used a gene transfer strategy. Because of the biology of GTPase RhoA, we chose to inhibit the RhoA pathway by overexpressing a dominant-negative RhoA cDNA. 34 This cDNA contains a point mutation that converts the wild-type amino acid 19 of the translated protein from threonine to asparagine (T19N). The mutant renders the GTP-binding site inactive, resulting in a dominant-negative RhoA. Our group had previously generated an adenovirus vector carrying such mutated RhoA cDNA (AdhRhoA2) 28 and showed that it was able to increase outflow facility in perfused anterior segment human postmortem eyes. To investigate whether this finding could be translated to IOP reduction in living animals, we generated a new long-term and low-immune response viral vector carrying the original mutated RhoA cDNA 28, 34 ( Figure 1 ).
Cellular, Morphological, and Molecular Outcomes of Delivering scAAV2.dnRhoA to Human TM Cells and Living Rats
To assess the functional outcome of overexpressing dnRhoA, subconfluent human TM cells were infected with scAAV2.dnRhoA or control vehicle. Actin staining at 72 hours showed extensive stress fiber reduction and cell relaxation in the scAAV2.dnRhoA-infected cells ( Figure 2A ). The TM morphology was examined on 4 rats from a group cycled at the model 2 light pattern and harvested during the light cycle. The treated eye received scAAV2.dnRhoA, while the contralateral control eye received scAAV2.GFP. At 42 days, tissues were plastic or paraffin embedded as meridional wedges (4 eyes each and 4 wedges per eye). Stained sections showed that the TM gross morphology was not altered; Schlemm canal and beams were well formed in treated and control eyes ( Figure 2B ).
Increased levels of transgene RhoA cDNA in the TM tissue were evaluated in 6 rats. Four rats (4 treated eyes and 4 control scAAV2.GFP eyes) were from a group cycled at the model 1 light pattern and harvested during the light cycle as single TMs. At 24 days, the mean (SE) Fold-Change of treated eyes vs control scAAV2.GFP eyes was 1.8 (0.4) (P = .08). Two rats (2 treated eyes and 2 control scAAV2.GFP eyes) were from a group cycled at the model 2 light pattern and harvested at 2 lux as pooled TMs. At 56 days, the mean (SE) Fold-Change of treated eyes vs control scAAV2.GFP eyes was 13.3 (3.8) (P = .004) ( Figure 2C ). Although a deoxyribonuclease treatment was included during RNA extraction (eMethods in the Supplement), it cannot be excluded that a small amount of the observed increase could be due to contaminant intracellular viral DNA.
Trabecular meshwork transgene delivery was further confirmed by fluorescent GFP encoded by control virus scAAV2.GFP ( Figure 2D ). Together, these results demonstrate a positive dnRhoA transgene delivery and show that such delivery is not detrimental to the TM structure.
Light-Cycling Models to Assess dnRhoA Effects on Nocturnal IOP
To select a feasible rat model to measure nocturnal IOP, we tested 3 different light-cycling strategies (Table) . In model 1, rats were housed 7 AM to 7 PM light and 7 PM to 7 AM dark. Naive eye IOPs were obtained between 9 and 11 PM. Under these conditions in a first group of 8 rats, the mean (SE) dark IOP was 17.7 (0.4) mm Hg at 2 days after arrival (16 eyes, right and left; CI, 0.6) and stayed high at 17.5 (0.3) mm Hg until the end of the experiment (8 eyes, right; CI, 0.7 at 6 weeks) ( Figure 3A) . In a second group of 8 rats, the mean (SE) dark IOP was 16.9 (0.3) mm Hg at 1 week (16 eyes, right and left; CI, 0.6), and they also stayed high at 16.8 (0.2) mm Hg until the end of the experiment (8 eyes, right; CI, 0.4 at 4.5 weeks).
In model 2, rats were housed 9 PM to 9 AM light and 9 AM to 9 PM 2-lux red light. In this model, eyes were naive during the first 5 weeks (first group) or 3 weeks (second group) and then injected once with control virus scAAV2.GFP. Under these conditions, rats require longer to adapt to reverse light cycling. Therefore, in the first group of 7 rats, the mean (SE) dark IOP was 12. The scAAV2.dnRhoA virus was generated by cotransfection of plasmids pMG27 + pXX2 + pXX6-80 in HEK293 cells. The pMG27 contained the human dnRhoA complementary DNA from pRG1 in the study by Vittitow et al 28 and CMV5 enhancer-promoter from pQB1-AdCMV5, both inserted into pHpa-trs-SK. 35 The pAAVrep-cap (for serotype 2) was pXX2 from the study by Xiao et al, 36 and pHelper was pXX6-80 from the same study. The Adeno-Quest is from Quantum Biotechnology. EcoR1, KpnI, and NotI are restriction endonucleases. pMG22, pMG23, pMG5, pMG26, pMG27, and Hpa-trs-SK are plasmids described in the eMethods in the Supplement. Ad genes indicates adenovius helper function genes; bp, base pair; d-TR, deleted terminal repeat; HEK293, human embryonic kidney 293; and wt-TR, wild-type terminal repeat.
PM dark), the light pattern conditions allow convenient times for obtaining light and dark IOP measurements in the same animal during working hours. In 7 rats, the mean (SE) naive eye IOPs were 9.6 (0.2) mm Hg (light) and 9.4 (0.2) mm Hg (dark) at 2 weeks after arrival (14 eyes, right and left; CI, 0.6-0.3 each). At 4 weeks, their mean (SE) dark IOP rose to 13.0 (0.3) mm Hg, while their light IOP remained at 9.6 (0.2) mm Hg (14 eyes). The mean (SE) nocturnal elevation continued to increase to 14.0 (0.5) mm Hg at 10 weeks when the experiment was terminated (7 eyes, right; CI, 0.1) ( Figure 3C ). Together, the results indicate that rats kept at the model 1 light pattern from birth exhibit a nocturnal IOP increase of 6 to 7 mm Hg beginning at 2 to 4 hours after dark onset. Adjusting the circadian cycle to reverse time conditions at age 4 to 6 weeks results in significant increases of 3 to 4 mm Hg in 3 weeks and reaches the natural 6 to 7 mm Hg at 10 weeks. These results support the circadian model as a desirable, naturally induced, elevated IOP model. Cycle 
Single Intracameral Injection of scAAV2.dnRhoA Prevents Nocturnal IOP Elevation in Rats
The study included 37 rats (Table) . After reaching nocturnal IOP elevation, the left eye of each rat was injected with 3. Figure 4B ). Therefore, during the light cycle, untreated right eyes and treated left eyes exhibited baseline IOPs ( Figure 4C) . However, at dark, naive eyes manifested elevated IOPs, while scAAV2.dnRhoA treatment prevented nocturnal elevation as early as 6 days and maintained baseline levels throughout (27 days) ( Figure 4D ). The mean (SE) integral IOPs showed no difference between untreated and pretreated eyes during the light cycle (240.1 [8.9] vs 236.2 [9.2] mm Hg-days, P = .47), while differences were observed at dark (367.3 [13.3] vs 265.9 [11.7] mm Hg, P < .001) (Table) . Results from this experiment in which each rat eye was evaluated during the light and dark cycles demonstrated that a single intracameral administration of a gene-impairing RhoA function is sufficient to prevent IOP nocturnal elevation in rats for at least 24 days.
Discussion
Probably because of its effects on TM cell adhesion and cytoskeleton, the RhoA-ROCK-myosin light chain pathway has shown to be a strong effector of outflow facility in ex vivo eye cultures and in living animals. The ongoing pharmaceutical developments based on inhibition of this pathway are expected to produce a new generation of highly effective, IOP-lowering glaucoma drugs. Because the drugs being developed have a short duration of action, herein we investigated whether a gene drug inhibiting the Rho pathway upstream of ROCK would be able to reduce IOP for longer periods than are achieved with conventional ROCK inhibitors. Using a natural IOP elevation circadian rhythm model, we showed that a single-dose intracameral injection of gene vector scAAV2.dnRhoA prevented the nocturnal IOP elevation of living rats for at least 1 month, which was the last point evaluated.
To develop such a viral vector, we made use of our recent experience with second-generation scAAV2, whereby transgene delivery to a monkey's TM lasted for at least 2 years. 30 For this study, we further optimized the expression cassette by switching the standard cytomegalovirus promoter to the more translationally efficient CMV5 vector. 37 For the transgene, we chose the dominant-negative RhoA gene (T19N). Overexpression of the mutated RhoA overcomes the levels of the active protein and fills the cells with an inactive RhoA product. On Rho inactivation, the pathway is interrupted, ROCK is not activated, no cell contraction occurs, and cells and tissues relax. The choice of the circadian elevated IOP model was based on the opportunity of having an undisturbed high-IOP eye, as well as the desire to address a clinical treatment for nightelevated IOP. We observed a circadian rhythm in all rats in the study. Although not to the same extent, Wistar rats showed el- evated IOP at dark under all light-resetting conditions tested and in the presence of light anesthesia. Rats kept on the same standard light and dark cycle since birth (7 AM to 7 PM) had a mean increase of 7 to 8 mm Hg during the dark phase (model 1). When the cycle was reversed at 4 to 6 weeks old to 9 AM to 9 PM dark (2-lux exposure) (model 2) or to 11 AM to 11 PM dark (model 3), the delta IOP increase was slightly less (5-7 mm Hg), albeit highly significant. An elevated dark-phase IOP was observed at 1 week after the cycle change and showed the greatest difference between 3 and 4 weeks after the change, when our gene transfer injections were performed. Using model 3 conditions was logistically the best model because it allowed us to measure day and night IOPs in the same animal during working hours. The delta day vs night IOP values obtained herein are somewhat lower than those reported for conscious brown Norway rats 5 and are between those reported in conscious rabbits. 6, 18 In adult isoflurane-anesthetized mice, the delta day vs night IOP is 3 to 4 mm Hg, 38 which is lower than that observed herein in Wistar rats. These results are in agreement with the fact that the IOP circadian rhythm is affected but not eliminated by anesthetic agents. 5, 18 It is unknown whether the mechanism by which the scAAV2.dnRhoA vector prevents IOP nocturnal elevation is by interference with the clock genes, by the inherent consequences of inhibiting the RhoA pathway, [22] [23] [24] 26, 28 or perhaps by both. Transgenic knockout mice lacking Cry1 and Cry2 clock genes do not show circadian IOP changes. 39 Furthermore, it has been reported that, in osteoblasts, unidirectional fluid flow stress activates RhoA, which then has a critical role in modulating the circadian regulatory pathway. 40 The single-dose intracameral injection resulted in no undesirable clinical signs. No inflammation, tearing, or redness was observed in the eyes, and the lens and cornea remained clear. Phase microscopy morphology of the angle region of the treated rat eye was similar to that of the untreated rat eye and showed a well-preserved TM architecture. Safety of this particular viral vector in the eye is well established. Restoration of vision in patients with Leber congenital amaurosis by AAV2.RPE65 gene therapy demonstrated no toxicity in the ongoing clinical trials, with some of them lasting longer than 3 years. 41 Current trials using conventional short-term ROCK inhibitor drugs appeared to be well tolerated, but no data are available on long-term toxicity to our knowledge.
Conclusions
Our findings of long-term prevention of nocturnal IOP elevation in a living animal could have important implications for the treatment of glaucoma, in which night IOPs can reach an unsafe threshold. Although expected, the use of this vector to also reduce elevated IOP during the day in living animals remains to be tested. To date, no gene drugs exist for the treatment of glaucoma. Results from this study suggest that effective transgenes carried on safe, long-duration viral vectors could become next-generation drugs not only for genetic diseases but also for acquired diseases. In particular, delivery of a dnRhoA gene to the TM for reducing nocturnal IOP could prove to be a beneficial treatment for glaucomatous and normal eyes. IOPs during the dark cycle. a Indicates P < .001.
